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Abstract
Background: In the Anopheles gambiae complex, paracentric chromosomal inversions are non-
randomly distributed along the complement: 18/31 (58%) of common polymorphic inversions are
on chromosome arm 2R, which represents only ~30% of the complement. Moreover, in An.
gambiae sensu stricto, 6/7 common polymorphic inversions occur on 2R. Most of these inversions
are considered markers of ecological adaptation that increase the fitness of the carriers of
alternative karyotypes in contrasting habitats. However, little is known about the evolutionary
forces responsible for their origin and subsequent establishment in field populations.
Results: Here, we present data on 82 previously undescribed rare chromosomal inversions (RCIs)
recorded during extensive field sampling in 16 African countries over a 30 year period, which may
shed light on the dynamics of chromosomal plasticity in An. gambiae. We analyzed breakpoint
distribution, length, and geographic distribution of RCIs, and compared these measures to those of
the common inversions. We found that RCIs, like common inversions, are disproportionately
clustered on 2R, which may indicate that this arm is especially prone to breakages. However,
contrasting patterns were observed between the geographic distribution of common inversions
and RCIs. RCIs were equally frequent across biomes and on both sides of the Great Rift Valley
(GRV), whereas common inversions predominated in arid ecological settings and west of the GRV.
Moreover, the distribution of RCI lengths followed a random pattern while common inversions
were significantly less frequent at shorter lengths.
Conclusion: Because 17/82 (21%) RCIs were found repeatedly at very low frequencies – at the
same sampling location in different years and/or in different sampling locations – we suggest that
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represent an important reservoir of genetic variation for An. gambiae in response to environmental
changes, further testifying to the considerable evolutionary potential hidden within this pan-African
malaria vector.
Background
Chromosomal paracentric inversions are mutations
where part of a chromosome, not including the centro-
mere, has been reversed with respect to a standard orien-
tation of reference. These inversions have now been
described from a diversity of species, including humans
[1], but historically were most readily observed in dip-
teran groups such as midges, blackflies, fruitflies and
anopheline mosquitoes, where the presence of giant (pol-
ytene) chromosomes facilitates detection and analysis of
inversions [2,3].
Theoretical and empirical studies in natural populations
suggest that chromosomal inversion polymorphisms can
be maintained by selection acting to preserve beneficial
allelic content from recombination between alternative
arrangements, aided by reduced gene exchange in heter-
okaryotypes [2,4-10]. This mechanism is hypothesized to
have played a central role in the ecotypic differentiation
and speciation events represented by the Anopheles gam-
biae complex [4,5,11,12], an African group of closely
related mosquitoes that contains two of the most signifi-
cant vectors of human malaria. Although virtually mor-
phologically identical at all developmental stages, most
species in the complex are distinguished by at least one
fixed inversion difference. In the nominal species and
most important vector Anopheles gambiae sensu stricto
(hereafter simply An. gambiae), polymorphic inversions
on chromosome 2 are distributed nonrandomly with
respect to environmental variables such as aridity, leading
to temporally stable geographic clines of inversion fre-
quencies in different parts of Africa, regular cycling of
inversion frequencies with respect to rainy and dry sea-
sons, and local ecological and behavioural heterogenei-
ties. Collectively, these inversions are considered markers
of local ecological adaptation that increase the suitability
of alternative karyotypes in contrasting habitats. This view
is based on observations showing higher frequencies of
inverted arrangements in arid Savannas rather than in for-
est areas of equatorial Africa, and in indoor rather than in
outdoor collected samples, where the saturation deficit is
generally lower [5,11,13-15].
Despite the longstanding nature of these observations and
their bearing on the genetic flexibility and evolutionary
potential of An. gambiae, little is yet known about the
forces responsible for the origin and establishment of
chromosomal inversions in An. gambiae populations.
Some insight into the origin of inversions can be gained
through molecular cloning of the breakpoints of already
established inversions, and available evidence suggests a
role for repetitive DNA in the form of transposable ele-
ments or segmental duplications [16-18]. Here we adopt
a different approach focused on previously undescribed
rare chromosomal inversions (RCIs) of An. gambiae,
recorded during extensive karyotyping of field popula-
tions sampled in many African countries over a thirty year
period. Given three stages in the evolutionary history of
an inversion (origin, establishment and maintenance), we
consider RCIs to be early in the process of establishment:
present in several copies in the population and potentially
subject to selection and drift [9]. We measured the break-
point locations, length and geographic distribution of 82
RCIs, and compared these measures to those of the com-
mon inversion polymorphisms. We find that RCIs, like
common inversions, are disproportionately clustered on
chromosome arm 2R. However, unlike the common An.
gambiae inversions, their frequency does not differ
between ecological zones or between East and West Africa.
We suggest that RCIs represent a reservoir of genetic vari-
ation in this pan-African malaria vector.
Methods
Sampling, species identification and chromosomal scoring
Samples of An. gambiae were collected at different times of
the year in 16 Afrotropical countries from 1975 to 2006
(Additional file 1: Table S1). The majority of sampling
consisted of daytime indoor-resting catches by manual or
insecticide spray collections. Polytene chromosomes from
ovarian nurse cells of half-gravid female mosquitoes were
prepared as described previously [19,20]. Species of the
An. gambiae complex were identified by microscopic
examination of sets of species-specific fixed inversions [5].
The M and S molecular forms of An. gambiae were not
identified in most samples, as the majority of the data
were obtained before their recognition [21]. Accordingly,
data analyses were not stratified by molecular form.
Paracentric inversions that differed from previously char-
acterized inversions commonly observed in this species
[11], hereafter called RCIs, were recorded in a database.
The localization of each inversion breakpoint was deter-
mined with reference to the An. gambiae polytene chro-
mosome map (published as a poster in Science 298, 4
October 2002 by M. Coluzzi and V. Petrarca; http://
www.sciencemag.org/feature/data/mosquito/Page 2 of 10
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into 10 parts (from 0 to 9) [11] (Additional file 2: Figure
S1), operatively defined here as infra-divisions. For exam-
ple, the breakpoint of an inversion that is recorded in the
3rd part of the sub-division 17B is defined as standing in
17B2.
Karyotyping of samples collected from Cameroon in 2005
and the Senegambia area in 2005–2006 was conducted
with the specific intention of recording the frequency of
RCIs, noting sample sizes from all localities in which RCIs
were present as well as absent. Although RCIs were
recorded whenever they were detected in all other collec-
tions, this was not the goal of those collections, thus cor-
responding information regarding whole karyotype,
sample sizes, geographic coordinates, and year of collec-
tion was not always available with respect to individual
sampling localities (V. Petrarca, unpublished data), and
are therefore missing from Table S1. Importantly,
although site-specific information was incomplete, infor-
mation about overall sample sizes of collections per-
formed over time and/or larger geographic areas was
preserved.
Expected distribution of inversion tract lengths and 
breakpoints
Assuming that chromosomal breaks are random and
independent, the expected distribution of inversion tract
lengths was generated using the Nadeau-Taylor random
breakage model [22]. Under this model, expected inver-
sion tract lengths approximate an exponential distribu-
tion with density function f(x) = (1/L)e(-x/L), where L is the
average length of all tracts [23]. The observed inversion
length was expressed as a percentage of the length of 2R,
estimated by dividing the interval length between break-
points by the whole length of 2R (see below).
As the molecular structure of the RCI breakpoints is unde-
termined, it was not possible to localize the breakpoints at
the DNA sequence level relative to the An. gambiae refer-
ence genome. Instead, analysis of the spatial distribution
of inversion breakpoints along the polytene complement
was conducted at the cytological level. We avoided refer-
ence to the polytene divisions of the cytogenetic map, as
these divisions are unequal in length. To achieve a more
uniform partitioning of the chromosome complement,
we employed intervals of microscopically similar length,
although we are aware that fragments of polytene chro-
mosomes of equal length do not match strictly equal
lengths of DNA base pairs, due to local variations in chro-
matin quantity [24]. As polytene chromosomes could not
always be partitioned in an integer number of intervals of
fixed length, the lengths of each interval were adjusted to
allow each chromosome arm to be subdivided into an
integer number of intervals. In consequence, we defined
66 intervals for the entire chromosomal complement: 20
for chromosomal arm 2R, 15 for 2L, 14 for 3R, 12 for 3L,
and 5 for the X-chromosome.
Results
Among > 7,300 An. gambiae half-gravid females analyzed
from 16 Afrotropical countries over a thirty year period,
82 previously undescribed RCIs were recorded in 160
specimens (Fig. 1; Table S1; Additional file 3: Table S2).
Of these 82, 17 (21%) were found repeatedly, at the same
sampling location across different years and/or in differ-
ent sampling locations – in some cases different countries.
All except two of the remaining 65 inversions were found
only once in single specimens; the two exceptions were
found in two or four specimens from the same sample.
The frequency of observed RCIs could be estimated most
reliably for samples collected in Cameroon (2005)
(Simard F, Ayala D, Kamdem GC, Pombi M, Etouna J, Ose
K, Fosting JM, Fontenille D, Besansky N and Costantini C,
unpublished) and in the Senegambia region (2005–
2006) (B. Caputo, D. Nwakanma, M. Jawara, I. Dia, L.
Konate, M. Coluzzi, V. Petrarca, D.J. Conway, A. della
Torre, unpublished). For other collections, documenta-
tion of sample sizes from individual localities (including
those in which no RCI was detected) is incomplete. The
frequency of occurrence was 13/2,080 RCIs/individuals
(0.6%; 95% confidence interval = 0.4%–1.1%) in samples
collected from 225 sites in Cameroon and 6/1,608 (0.4%;
95% CI = 0.2%–0.8%) in samples collected in 35 sites
from the Senegambia region.
The overall data provide information about the frequency
distribution of RCI tract lengths, the pattern of distribu-
tion of their breakpoints on the cytogenetic map, and
their geographic distribution in An. gambiae. Below, we
compare these patterns to those observed for the common
chromosomal inversions in this and other species.
Length distribution of RCIs
If chromosomal segments break at random, the distribu-
tion of observed inversion tract lengths should follow a
random pattern. We tested this hypothesis on chromo-
some arm 2R, where most (67/82) RCIs and most (6/7)
common inversions are observed. Given 67 inversions, we
simulated their length distribution if they were generated
under a random breakage model [22], and compared this
to the observed length distribution of RCIs (Fig. 2). The
observed distribution departed significantly from that
expected under a model of random breakage (Kol-
mogorov-Smirnov one-sample test, P < 0.01) due to a def-
icit of shorter lengths. Although this result broadly agrees
with emerging evidence against the random breakage
model [25-30], it should be treated with caution as the
sample of RCIs is biased to an unknown extent towardPage 3 of 10
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impossible to observe microscopically, particularly when
fixed. In fact, Ranz et al. [31] mapping by in situ hybridi-
zation 33 DNA clones containing protein-coding genes in
Drosophila repleta and D. buzzatii, showed extensive reor-
ganization via paracentric inversions, including short
ones that had gone undetected with the classical polytene
chromosome analysis.
To assess whether the length distribution of common
inversions differs from that of RCIs, we compared the dis-
tributions observed for the 67 RCIs and the six common
inversions on 2R, and found a highly significant differ-
ence (Kolmogorov-Smirnov two-sample test, P < 0.001).
Extending the comparison to the 77 RCIs and seven com-
mon inversions on all of chromosome 2 did not alter the
result (Kolmogorov-Smirnov two-sample test, P < 0.001).
Both comparisons revealed that common inversions were
less frequent at shorter lengths, relative to the length dis-
tribution of RCIs. Although these results should be inter-
preted with caution given the small sample size of
common inversions, they agree with previous work on
Drosophila species: rare inversions are predominantly
small compared to the evolutionarily successful ones,
which were predominantly intermediate in length [9,32].
Therefore, assuming that common polymorphic inver-
sions are subject to balancing selection (in distinction to
RCIs), the paucity of shorter common inversions may
reflect their smaller selective advantage due to the capture
of fewer genes.
Breakpoint distribution of RCIs
Eighty-two percent of RCI breakpoints were found on
chromosomal arm 2R (134), 12% on 2L (20), 5% on 3L
(8), and 1% on 3R (2). No RCIs were found on the X chro-
mosome. A non-uniform distribution of RCI breakpoints
across the polytene complement is apparent from visual
inspection of Fig. 3, in which breakpoints observed per
chromosome interval are plotted. This was confirmed by
a goodness of fit test comparing the observed numbers of
breakpoints on each of five chromosome arms to the
number expected if all 164 breakpoints were distributed
uniformly across the five arms (χ2 = 210.3, df = 4, P < <
0.001). Deviation from expectation was due to a large
excess of RCI breakpoints on 2R and a deficit of break-
points on the other arms, particularly those of chromo-
some 3 and the X.
As a second step, we considered the breakpoint distribu-
tion on chromosome 2R and tested for deviation from a
uniform distribution of the 134 breakpoints observed
across the intervals on this arm. There was a significant
deviation (χ2 = 53.8, df = 19, P < < 0.001), owing mostly
to a large excess of breakpoints in intervals 12 and 16 (cor-
Paracentric chromosomal inversions of Anopheles gambiae sensu strictoFigure 1
Paracentric chromosomal inversions of Anopheles gambiae sensu stricto. Location of 82 rare chromosomal inver-
sions (above) and 7 common chromosomal inversions (below) on the An. gambiae polytene chromosome complement. Dotted 
lines indicate breakpoints that could not be unambiguously located to a single infradivision.Page 4 of 10
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16D4-17C0) and the absence of breakpoints in the two
intervals nearest the centromere, as seen in Fig 3.
The extent to which breakpoints are non-randomly clus-
tered on chromosome arm 2R is not captured completely
at the interval level of resolution. This is emphasized by
the sharing of cytologically identical breakpoints between
at least two different (and presumably independent)
inversions, of which there were 21 separate instances, par-
ticularly involving subdivisions 14D-15A and 16D-17B
(Table S2). Thus, to test for non-independence of break-
point distribution at the highest possible level of resolu-
tion on chromosome arm 2R, we used the infra-divisional
map location of RCI breakpoints given in Table S2
(roughly the resolution of band/interband). The 540
infradivisions of chromosome arm 2R were classified as
containing one, two, three, four or no breakpoints; these
were compared to the number expected according to a
Poisson distribution (Table 1). The goodness of fit test
confirmed that breakpoints coincided at a much higher
rate than expected by chance (χ2 = 13.1; df = 2; P =
0.0014).
The nonrandom pattern of distribution of RCI break-
points mirrors that of the common polymorphic inver-
sions in the An. gambiae complex in three respects. First, in
An. gambiae, common inversions are absent from chromo-
somes 3 and X, and RCIs are significantly underrepre-
sented on these chromosomes. Second, in both the An.
gambiae complex and its nominal species there is a striking
overrepresentation of common polymorphic inversions
on chromosome arm 2R (e.g. 18 of 31 (58%) in An. gam-
biae sensu lato, and 6 of 7 (86%) in An. gambiae) [5,11],
just as 67 of 82 (82%) RCIs are located on this arm, which
represents less than 30% of the polytene complement. It
also bears mention that the central part of 2R is subsumed
not only by polymorphic inversions, but also by some
fixed inversions that differentiate members of the species
complex. Third, RCIs and common inversions may have
cytologically coincident breakpoints on 2R (14/67: 21%).
Length distribution of rare chromosomal inversions for chromosome arm 2R of Anopheles gambiae sensu strictoFigure 2
Length distribution of rare chromosomal inversions for chromosome arm 2R of Anopheles gambiae sensu 
stricto. Distribution expected from the random breakage model (solid line), plotted along with the observed distribution of 
relative tract lengths (circles).Page 5 of 10
(page number not for citation purposes)
BMC Evolutionary Biology 2008, 8:309 http://www.biomedcentral.com/1471-2148/8/309Ecological and geographic distribution of RCIs
In An. gambiae populations of West and Central Africa,
there are clines in both the number of common inversion
polymorphisms and in the relative frequency of their
alternative arrangements that are correlated with environ-
mental and ecological factors. In humid forested regions,
polymorphisms are nearly absent and the standard (unin-
verted) arrangements prevail, whereas Guinea and Sudan
savanna populations are characterized by many highly
polymorphic inversions [5,11,14]. A similar pattern
would be anticipated for RCIs if their origin and/or estab-
lishment is more likely in savanna versus forested regions.
To examine the frequency of RCIs in different ecological
settings, we stratified the 225 villages sampled during
2005 in Cameroon according to the country's three main
biomes: forest, Guinea savanna and Sudan savanna.
Whereas significant heterogeneity between biomes was
observed in the case of common inversions (χ2 = 155.3; df
= 2; P < 0.001), no significant differences in the occur-
rence of RCIs were found among the three biomes (χ2 =
3.8, df = 2, P = 0.15), suggesting that – at least in Cam-
eroon – RCIs have the same probability of origin and/or
establishment in different ecological contexts.
At a continental scale, the distribution of the common
inversion polymorphisms in An. gambiae on opposite
sides of the Great Rift Valley also differs. East of the Rift
Valley, populations contain fewer inversion systems and
lower levels of polymorphism than western populations
[11,33-38]. To assess whether levels of RCI polymor-
phism reflect this same trend, we compared the frequency
of RCIs on both sides of the Rift Valley. Toward this end,
we used total sample sizes from multiple collections east
and west of the Rift Valley. In populations on the western
side, 77 RCIs were found in a total of ~45,000 specimens
(0.17%); on the eastern side, 5 RCIs were observed among
~2,000 specimens (0.25%) [11,33-38], and Petrarca,
unpublished data). The difference between RCI frequen-
cies on either side of the Rift Valley is not significant (χ2 =
0.47, df = 1, P = 0.49). Comparable results were obtained
for a second member of the An. gambiae complex, the sib-
ling species An. arabiensis. In this species, just as for An.
gambiae, common inversion polymorphisms predomi-
nate west of the Rift Valley [11,35], but RCI frequencies
are not significantly different on either side of the Rift Val-
ley: 21 RCIs among ~14,000 specimens (0.15%) in the
Frequency distribution of rare chromosomal inversion breakpoints of Anopheles gambiae sensu strictoigur  3
Frequency distribution of rare chromosomal inversion breakpoints of Anopheles gambiae sensu stricto. Fre-
quency distribution of RCIs breakpoints in intervals along the chromosome complement (20 for chromosome arm 2R, 15 for 
2L, 14 for 3R, 12 for 3L, and 5 for X-chromosome) of An. gambiae. The corresponding chromosome arms (indicated beneath 
the plot as a horizontal line) are presented with telomeres at left and centromeres at right. Numbers above the bars indicate 
the number of breakpoints that must be added to account for the common inversions.
Table 1: Chi-square analysis of coincident rare chromosomal 
inversion breakpoints on chromosome arm 2R of Anopheles 
gambiae sensu stricto
No. Infradivisions
Breakpoints per Infradivison Observed Expected
0 445 430.80
1 74 97.33
2 17 21 10.99 11.87
3 2 21 0.83 11.87
4 2 21 0.05 11.87
Χ22 = 13.08; P = 0.0014Page 6 of 10
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the east (χ2 = 0.03, df = 1, P = 0.86; [35]; Petrarca, unpub-
lished data).
Discussion
Longstanding evidence from cytological studies together
with more recent evidence from comparative whole
genome sequence analysis is revealing common themes
concerning the distribution patterns of chromosomal
rearrangements in eukaryotic genomes [3,39]. Within
closely related groups of Drosophila and Anopheles, certain
species carry abundant inversion polymorphisms while
others carry few or none [9,11]. Within genomes of indi-
vidual species, inversions may be preferentially found on
particular chromosome arms. These observations may
explain the differences in rates of chromosome reshuffling
during the evolution of different lineages and among
chromosome arms in the same lineage [27,28,40]. Even
on a given arm, breakpoints are not distributed randomly;
there are "hotspots" of chromosomal rearrangement and
"reuse" of breakpoints in the same chromosomal region
[26-30]. The frequently observed association of repetitive
DNA with inversion breakpoints has suggested a general
mechanism for the origin of inversions involving ectopic
recombination between repeated sequences (segmental
duplications and/or transposable elements). Accordingly,
one factor contributing to the nonrandom distribution of
inversions might simply be their nonrandom generation,
subject to the presence and position of repetitive DNA on
a given chromosome and in a given lineage. Another pos-
sibility, not necessarily mutually exclusive, is that only
inversions with breaks at certain sites are retained in pop-
ulations [9]. Coluzzi et al. [11] have emphasized the latter
hypothesis to explain the pattern observed in An. gambiae:
"This nonrandom pattern of inversion distribution
strongly suggests that these rearrangements are the prod-
uct of selection." (p. 1415).
The data gathered in this study from 82 An. gambiae RCIs
may shed light on this question, as the nonrandom pat-
tern of RCI distribution across the genome parallels that
of fully established inversions. The question is, do the
RCIs circulating in populations represent the products of
selection, while others not observed (presumably includ-
ing those on chromosomes 3 and X) were lost, or does this
sample of RCIs reflect their nonrandom generation on
2R? We assume that immediately after their origin, most
inversions are lost due to drift regardless of breakpoint
location, and the probability of detection of these nascent
inversions during our sampling efforts is negligible. Those
that escape immediate loss are present in the population
in low copy number (as RCIs), and are in a transitional
("establishment") phase which can end in maintenance
or loss due to selection and/or drift [9]. Under the
assumption that the 17 RCIs that were sampled repeatedly
across years (in some cases nearly a decade, e.g. 2R-17)
and/or across relatively large geographic areas (e.g. 2R-3, -
5, -12, -41, -64) are identical by descent, it is likely that
they are old enough to have become more common had
they been the targets of strong positive selection, given at
least 12 generations per year, relatively short flight range,
and large effective population sizes for this mosquito
[41]. That their frequencies did not apparently increase in
time or space suggests that they are unlikely targets of
strong selection. Other observations are consistent with
this view. Whereas the number of common inversions
observed in different ecological or geographic parts of the
species range may differ significantly, such is not the case
for RCIs. The RCI data suggest that the probability of ori-
gin and early establishment of inversions is the same
across the range of An. gambiae (and likely, its sibling spe-
cies An. arabiensis). The difference in outcomes between
the geographic distribution of RCIs and common inver-
sions probably reflects the role of selection in the mainte-
nance of common inversion polymorphisms in
heterogeneous environments, a later stage that RCIs may
(or may not) reach.
Can the nonrandom forces responsible for RCI origin be
attributed to unequal density of repetitive DNA across
chromosome arms? If so, we would predict a higher den-
sity of repetitive DNA on chromosome 2R. Prior to the
availability of the complete genome sequence of An. gam-
biae, the distribution of four transposable elements (two
non-LTR retrotransposons, a DNA transposon and a
MITE) were studied by in situ hybridization to the poly-
tene chromosomes of the PEST strain [42]. Elements were
found to be concentrated in centromeric heterochromatin
and centromere-proximal euchromatin, and underrepre-
sented at the distal ends of chromosome arms. There was
a greater than expected coincidence of hybridization sites
between element types. However, the observed number of
sites on 2R for all four elements did not exceed that
expected under a uniform distribution. Complete genome
sequence of the PEST strain later revealed that overall
transposon densities (~40 types were studied) indeed dif-
fered by arm [43], but did so in a pattern opposite to that
observed for RCIs. Specifically, transposon density was
highest on the – (59 per Mb), lower on 3L, 3R and 2L (48,
47, and 46 per Mb, respectively) and lowest on 2R (37 per
Mb). Accordingly, the distribution of RCIs in natural pop-
ulations is not obviously related to the distribution of
transposons in the An. gambiae reference genome, remi-
niscent of the situation in some Drosophila lineages [27].
However, caution should be applied in interpreting these
results, as it is not clear that the distribution of trans-
posons in the PEST strain is a good reflection of their dis-
tribution in the natural populations within which the
RCIs arose, especially given that PEST is chromosomally
standard (uninverted) with respect to all common inver-Page 7 of 10
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for ectopic recombination, were detected in the reference
genome, and although they seem to be less frequent than
they are in mammalian genomes [43], they may comprise
as much as 11% of the An. gambiae genome sequence [44].
Unfortunately, the spatial distribution of this class of
repeated sequence has yet to be analyzed in An. gambiae.
As a result, the relationship between RCI distribution and
either transposon or segmental duplication density
remains uncertain. Despite these uncertainties, the
absence of a correlation between transposon distribution
and breakpoint distribution in the An. gambiae reference
genome hints that consideration should be given to an
alternative model for inversion generation, one that
invokes recurrent staggered chromosomal breaks in struc-
turally unstable genomic regions as the primary cause
[30]. If this mechanism predominates in Anopheles as it
seems to in Drosophila, it suggests that regions of chromo-
some 2R are especially prone to breakages.
Conclusion
Are RCIs evolutionarily significant? What seems clear is
that common polymorphic inversions are often subject to
strong positive or balancing selection. It has been argued
that An. gambiae owes its ecological flexibility – its ability
to exploit environmental heterogeneities – to its common
inversion polymorphisms [11]. Here we have suggested
that RCIs are not likely targets of strong positive (or bal-
ancing) selection in present-day populations of An. gam-
biae. Under unperturbed ecological conditions, they may
persist for many generations as selectively neutral or
nearly neutral chromosomal mutations. There is prece-
dence for RCIs and their persistence at low frequencies in
populations of Drosophila pseudoobscura [45]. These
authors concluded that the persistence of RCIs represents
a mechanism by which D. pseudoobscura populations store
genetic variability, likening it to a sponge storing water, as
suggested by Chetverikov [46]. Similarly in An. gambiae,
RCIs represent a significant and previously unrecognized
source of standing and possibly cryptic genetic variation
that could produce a beneficial phenotype in response to
environmental perturbation or change. Their presence at
low but detectable levels across the range of An. gambiae
testifies to the appreciable ongoing rate of chromosomal
mutation and the considerable evolutionary potential
hidden within An. gambiae populations.
Authors' contributions
MP participated in conceiving and designing the study,
chromosomal processing and analysis, statistical analysis,
and drafting the manuscript. BC participated in designing
the study, field collections, chromosomal processing and
analysis, statistical analysis, and helped to draft the man-
uscript. FS participated conceiving and designing the
study, field collections, and helped to draft the manu-
script. MADD participated in chromosomal processing
and analysis. MC participated in conceiving the study,
field collections, chromosomal processing and analysis.
ADT participated in designing the study and helped to
draft the manuscript. CC participated in conceiving and
designing the study, statistical analysis and drafting the
manuscript. NJB participated in conceiving, designing and
coordinating the study, statistical analyses and drafting
the manuscript. VP participated in conceiving and design-
ing the study, chromosomal processing and analysis, sta-
tistical analysis, and drafting the manuscript.
All authors read and approved the final manuscript.
Additional material
Acknowledgements
We thank G. Petrangeli, M. Calzetta, and D. Petrangeli for assistance with 
karyotyping; C. Kamdem, J.P. Agbor and all the OCEAC field entomology 
team in Cameroon, the entomologists of the Medical Research Council in 
The Gambia and of the University of Dakar, and the Institute Pasteur in Sen-
egal for the field collections and for sharing their field samples with us. We 
thank all the scientists and technicians that collaborated in field sampling 
across the African continent during 3 decades. Special thanks to D. Ayala 
for the field work in Cameroon and for the useful discussions about the 
subject.
We thank anonymous reviewers and Jeffrey Powell for helpful comments 
that improved the manuscript.    
Funding was provided by National Institutes of Health grant R01 AI63508 
to NJB.
Additional file 1
Table S1. Distribution of rare chromosomal inversions (RCIs) in popula-
tion samples of Anopheles gambiae sensu stricto from 1975 to 2006.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2148-8-309-S1.rtf]
Additional file 2
Figure S1. Cytogenetic map of the Anopheles gambiae sensu stricto 
ovarian polytene complement indicating numbered divisions, lettered sub-
divisions, and ten infradivisions per subdivision (vertical lines).
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2148-8-309-S2.tiff]
Additional file 3
Table S2. Cytogenetic positions of rare chromosomal inversions (RCIs) 
observed in this study, and the carrier's karyotype(s) (with respect to com-
mon inversions).
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2148-8-309-S3.rtf]Page 8 of 10
(page number not for citation purposes)
BMC Evolutionary Biology 2008, 8:309 http://www.biomedcentral.com/1471-2148/8/309References
1. Stefansson H, Helgason A, Thorleifsson G, Steinthorsdottir V, Masson
G, Barnard J, Baker A, Jonasdottir A, Ingason A, Gudnadottir VG, et
al.: A common inversion under selection in Europeans.  Nat
Genet 2005, 37(2):129-137.
2. Hoffmann AA, Sgro CM, Weeks AR: Chromosomal inversion pol-
ymorphisms and adaptation.  Trends Ecol Evol 2004,
19(9):482-488.
3. Coghlan A, Eichler EE, Oliver SG, Paterson AH, Stein L: Chromo-
some evolution in eukaryotes: a multi-kingdom perspective.
Trends Genet 2005, 21(12):673-682.
4. Coluzzi M: Spatial distribution of chromosomal inversions and
speciation in anopheline mosquitoes.  In Mechanisms of Specia-
tion Edited by: Barigozzi C. New York: Alan R. Liss, Inc; 1982:143-153. 
5. Coluzzi M, Sabatini A, Petrarca V, Di Deco MA: Chromosomal dif-
ferentiation and adaptation to human environments in the
Anopheles gambiae complex.  Trans R Soc Trop Med Hyg 1979,
73(5):483-497.
6. Dobzhansky T: Genetics of the Evolutionary Process.  New
York: Columbia University Press; 1970. 
7. Feder JL, Roethele JB, Filchak K, Niedbalski J, Romero-Severson J:
Evidence for inversion polymorphism related to sympatric
host race formation in the apple maggot fly, Rhagoletis
pomonella.  Genetics 2003, 163(3):939-953.
8. Kirkpatrick M, Barton N: Chromosome inversions, local adapta-
tion and speciation.  Genetics 2006, 173(1):419-434.
9. Krimbas CB, Powell JR: Introduction.  In Drosophila inversion poly-
morphism Edited by: Krimbas CB, Powell JR. Boca Raton: CRC Press;
1992:1-52. 
10. White BJ, Hahn MW, Pombi M, Cassone BJ, Lobo NF, Simard F,
Besansky NJ: Localization of candidate regions maintaining a
common polymorphic inversion (2La) in Anopheles gambiae.
PLoS Genet 2007, 3:e217.
11. Coluzzi M, Sabatini A, Della Torre A, Di Deco MA, Petrarca V: A pol-
ytene chromosome analysis of the Anopheles gambiae species
complex.  Science 2002, 298:1415-1418.
12. Manoukis NC, Powell JR, Touré MB, Sacko A, Edillo FE, Coulibaly MB,
Traoré SF, Taylor CE, Besansky NJ: A test of the chromosomal
theory of ecotypic speciation in Anopheles gambiae.  Proceed-
ings of the National Academy of Sciences USA 2008, 105:2940-2945.
13. Powell JR, Petrarca V, della Torre A, Caccone A, Coluzzi M: Popula-
tion structure, speciation, and introgression in the Anopheles
gambiae complex.  Parassitologia 1999, 41:101-113.
14. Toure YT, Petrarca V, Traore SF, Coulibaly A, Maiga HM, Sankare O,
Sow M, DiDeco MA, Coluzzi M: The distribution and inversion
polymorphism of chromosomally recognized taxa of the
Anopheles gambiae complex in Mali, West Africa.  Parassitologia
1998, 40:477-511.
15. Wondji C, Frederic S, Petrarca V, Etang J, Santolamazza F, Della Torre
A, Fontenille D: Species and populations of the Anopheles gam-
biae complex in Cameroon with special emphasis on chro-
mosomal and molecular forms of Anopheles gambiae s.s.  J
Med Entomol 2005, 42(6):998-1005.
16. Coulibaly MB, Lobo NF, Fitzpatrick MC, Kern M, Grushko O, Thaner
DV, Traore SF, Collins FH, Besansky NJ: Segmental duplication
implicated in the genesis of inversion 2Rj of Anopheles gam-
biae.  PLoS ONE 2007, 2(9):e849.
17. Mathiopoulos KD, della Torre A, Predazzi V, Petrarca V, Coluzzi M:
Cloning of inversion breakpoints in the Anopheles gambiae
complex traces a transposable element at the inversion junc-
tion.  Proc Natl Acad Sci USA 1998, 95(21):12444-12449.
18. Sharakhov IV, White BJ, Sharakhova MV, Kayondo J, Lobo NF, San-
tolamazza F, Della Torre A, Simard F, Collins FH, Besansky NJ:
Breakpoint structure reveals the unique origin of an inter-
specific chromosomal inversion (2La) in the Anopheles gam-
biae complex.  Proc Natl Acad Sci USA 2006, 103(16):6258-6262.
19. della Torre A: Polytene chromosome preparation from
anopheline mosquitoes.  In Molecular Biology of Disease Vectors: A
Methods Manual Edited by: Crampton JM, Beard CB, Louis C. London:
Chapman & Hall; 1997:329-336. 
20. Hunt RH: A cytological technique for the study of Anopheles
gambiae complex.  Parassitologia 1973, 15(1):137-139.
21. della Torre A, Fanello C, Akogbeto M, Dossou-yovo J, Favia G,
Petrarca V, Coluzzi M: Molecular evidence of incipient specia-
tion within Anopheles gambiae s.s. in West Africa.  Insect Mol
Biol 2001, 10(1):9-18.
22. Nadeau JH, Taylor BA: Lengths of chromosomal segments con-
served since divergence of man and mouse.  Proc Natl Acad Sci
USA 1984, 81(3):814-818.
23. Pevzner P, Tesler G: Transforming men into mice: the Nadeau-
Taylor chromosomal breakage model revisited.  In Proceedings
of the Seventh Annual International Conference on Research in Computa-
tional Molecular Biology: 2003; Berlin, Germany ACM Press;
2003:247-256. 
24. Zhimulev IF, Belyaeva ES, Semeshin VF, Koryakov DE, Demakov SA,
Demakova OV, Pokholkova GV, Andreyeva EN: Polytene chromo-
somes: 70 years of genetic research.  Int Rev Cytol 2004,
241:203-275.
25. Peng Q, Pevzner PA, Tesler G: The fragile breakage versus ran-
dom breakage models of chromosome evolution.  PLoS Com-
put Biol 2006, 2(2):e14.
26. Bourque G, Pevzner PA, Tesler G: Reconstructing the genomic
architecture of ancestral mammals: lessons from human,
mouse, and rat genomes.  Genome Res 2004, 14(4):507-516.
27. Gonzalez J, Casals F, Ruiz A: Testing chromosomal phylogenies
and inversion breakpoint reuse in Drosophila.  Genetics 2007,
175(1):167-177.
28. Murphy WJ, Larkin DM, Everts-van der Wind A, Bourque G, Tesler
G, Auvil L, Beever JE, Chowdhary BP, Galibert F, Gatzke L, et al.:
Dynamics of mammalian chromosome evolution inferred
from multispecies comparative maps.  Science 2005,
309(5734):613-617.
29. Pevzner P, Tesler G: Human and mouse genomic sequences
reveal extensive breakpoint reuse in mammalian evolution.
Proc Natl Acad Sci USA 2003, 100(13):7672-7677.
30. Ranz JM, Maurin D, Chan YS, von Grotthuss M, Hillier LW, Roote J,
Ashburner M, Bergman CM: Principles of genome evolution in
the Drosophila melanogaster species group.  PLoS Biol 2007,
5(6):e152.
31. Ranz JM, Segarra C, Ruiz A: Chromosomal homology and
molecular organization of Muller's elements D and E in the
Drosophila repleta species group.  Genetics 1997,
145(2):281-295.
32. Caceres M, Barbadilla A, Ruiz A: Inversion length and breakpoint
distribution in the Drosophila buzzatii species complex: is
inversion length a selected trait?  Evolution 1997, 51:1149-1155.
33. Petrarca V, Carrara GC, Di Deco MA, Petrangeli G: Cytogenetic
and biometric observations on members of the Anopheles
gambiae complex in Mozambique.  Parassitologia 1984,
26(3):247-259.
34. Petrarca V, Beier JC: Intraspecific chromosomal polymorphism
in the Anopheles gambiae complex as a factor affecting
malaria transmission in the Kisumu area of Kenya.  Am J Trop
Med Hyg 1992, 46(2):229-237.
35. Petrarca V, Nugud AD, Ahmed MA, Haridi AM, Di Deco MA, Coluzzi
M: Cytogenetics of the Anopheles gambiae complex in Sudan,
with special reference to An. arabiensis: relationships with
East and West African populations.  Med Vet Entomol 2000,
14(2):149-164.
36. Petrarca V, Sabatinelli G, Di Deco MA, Papakay M: The Anopheles
gambiae complex in the Federal Islamic Republic of
Comoros (Indian Ocean): some cytogenetic and biometric
data.  Parassitologia 1990, 32(3):371-380.
37. Coosemans M, Petrarca V, Barutwanayo M, Coluzzi M: Species of
the Anopheles gambiae complex and chromosomal poly-
morphism in a rice-growing area of the Rusizi Valley (Repub-
lic of Burundi).  Parassitologia 1989, 31(1):113-122.
38. Mnzava AEP, Di Deco MA: Polimorfismo cromosomico in
Anopheles gambiae e Anopheles arabiensis in Tanzania.  Par-
assitologia 1986, 28:286-288.
39. Eichler EE, Sankoff D: Structural dynamics of eukaryotic chro-
mosome evolution.  Science 2003, 301(5634):793-797.
40. Sharakhov IV, Serazin AC, Grushko OG, Dana A, Lobo N, Hillen-
meyer ME, Westerman R, Romero-Severson J, Costantini C, Sagnon
N, et al.: Inversions and gene order shuffling in Anopheles gam-
biae and A. funestus.  Science 2002, 298(5591):182-185.
41. Lehmann T, Hawley WA, Grebert H, Collins FH: The effective
population size of Anopheles gambiae in Kenya: implications
for population structure.  Mol Biol Evol 1998, 15(3):264-276.
42. Mukabayire O, Besansky NJ: Distribution of T1, Q, Pegasus and
mariner transposable elements on the polytene chromo-Page 9 of 10
(page number not for citation purposes)
BMC Evolutionary Biology 2008, 8:309 http://www.biomedcentral.com/1471-2148/8/309Publish with BioMed Central   and  every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
somes of PEST, a standard strain of Anopheles gambiae.  Chro-
mosoma 1996, 104(8):585-595.
43. Holt RA, Subramanian GM, Halpern A, Sutton GG, Charlab R, Nussk-
ern DR, Wincker P, Clark AG, Ribeiro JM, Wides R, et al.: The
genome sequence of the malaria mosquito Anopheles gam-
biae.  Science 2002, 298(5591):129-149.
44. Quesneville H, Nouaud D, Anxolabehere D: Detection of new
transposable element families in Drosophila melanogaster
and Anopheles gambiae genomes.  J Mol Evol 2003, 57(Suppl
1):S50-59.
45. Olivera O, Powell JR, De La Rosa ME, Salceda VM, Gaso MI, Guzman
J, Anderson WW, Levine L: Population genetics of Mexican Dro-
sophila VI. cytogenetic aspects of the inversion polymor-
phism in Drosophila pseudoobscura.  Evolution 1979, 33:381-395.
46. Chetverikov SS, Barker M, Lerner : On certain aspects of the evo-
lutionary process from the standpoint of modern genetics.
Proceedings of the American Philosophical Society 1961, 105:167-195.Page 10 of 10
(page number not for citation purposes)
